Introduction
Extremely thermoacidophilic archaea (T opt > 708C, pH opt < 3.5) are found in both solfataras and in the earthen mounds of heap bioleaching operations . Conditions within these environments can vary widely with respect to temperature (55-908C), pH (0-6), carbon availability (CO 2 vs. organic carbon sources), nitrogen availability (inorganic vs. organic), water activity (hot springs with high activity vs. heap mounds or mud pools with low activity), and energy sources (organic vs. inorganic). Importantly, the availability of organic carbon within these environments is limited. Thus, many of these archaea fix atmospheric CO 2 and derive energy from the oxidation of inorganic molecules, such as metals found in ores, which can be highly abundant in these extreme environments (Auernik and Kelly, 2010) . The biooxidation of metals leads to their mobilization into a soluble form. This gives rise to an interesting dynamic in certain thermoacidophilic archaea, based on the balancing of their energy demands against the resultant toxic effects of increased local metal concentrations (Wheaton et al., 2015) . On a related note, the dissolution of ores potentially leads to stressors related to transient levels of solutes affecting osmotic and chaotropic stress in these types of environments, as well as stress associated with decreased water activity (Grant, 2004; Stevenson et al., 2015) .
These types of highly stressful environments lead to a plethora of stress response mechanisms related to temperature, water activity, chaotropic effects, osmolarity, and pH (Hallsworth et al., 2003; Muller et al., 2005; Ferrer et al., 2007; de Lima Alves et al., 2015) ; toxin-antitoxin (TA) loci have recently been examined from this perspective, with an eye towards their broader impact in the mitigation of environmental stressors. TA loci are ubiquitous in many prokaryotic genomes (Pandey and Gerdes, 2005) , and consist of a toxic protein and an antitoxin, the latter of which can be RNA or protein. Under nonactivating conditions, the toxin is silenced by pairing with its cognate antitoxin, but can impact the microorganism's physiology in several ways when the antitoxin is decoupled or degraded. TA systems were first identified as assisting in plasmid maintenance via post-segregational killing (Ogura and Hiraga, 1983) , as well as in phage exclusion, where activation of the toxin sacrifices some infected cells to preserve the larger population (Pecota and Wood, 1996) . Subsequently, the identification of chromosomal TA systems led to a re-evaluation of their physiological significance, including their role in stressinduced growth arrest, as well as in the stochastic formation of persister cell subpopulations, capable of subsisting through extreme stressors (Harms et al., 2016; Page and Peti, 2016) . Initially, the induction of cellular arrest, as well as persister formation, was thought to be activated by specific canonical pathways, such as the second messenger (p)ppGpp or the SOS system (Germain et al., 2015; Harms et al., 2016) . However, recent studies have suggested that persister cell formation may occur in the absence of Lon protease, a central component of the canonical activation pathway (Shan et al., 2015; Ramisetty et al., 2016) .
Virulence-associated proteins (Vaps) are a particular class of type-II TA systems characterized by a bi-cistronic locus encoding a proteolytically labile antitoxin (VapB), typically followed by a stable ribonucleolytic toxin (VapC). These proteins were first identified in connection with virulence plasmids in human pathogens, such as Salmonella dublin (Pullinger and Lax, 1992) , but have since been recognized as a predominant form of type-II toxins, particularly among the archaea (Shah, 2013) . VapC toxins have been demonstrated to degrade mRNA (McKenzie et al., 2012; Sharp et al., 2012) , rRNA (Winther et al., 2013) and tRNA (Winther and Gerdes, 2011; Lopes et al., 2014; Cruz et al., 2015) , with the tRNAs comprising the majority of RNA targets identified (Cruz and Woychik, 2016) . Some type-II TA family toxins can also target multiple RNA substrates; for example, MazF toxins can target mRNA and rRNA (Bertram and Schuster, 2014; Cruz and Woychik, 2016; Vesper et al., 2011; Schifano et al., 2013; Schifano et al., 2014) and, as recently reported, tRNA (Schifano et al., 2016) .
Beyond their biological significance, many efforts of the past decade have elucidated the structural and functional properties of VapBCs. For instance, bioinformatics and in vivo mutational analyses have demonstrated the importance of a few acidic residues in the catalytic groove of VapC dimers that coordinate two metal ions (Arcus et al., 2011; Hamilton et al., 2014) . Further, the identification of a heterooctameric structure has suggested a route to transcriptional regulation by the VapB 4 C 4 complex, in which the complex is capable of interacting with the promoter region of the TA locus (Mate et al., 2012; Bendtsen et al., 2016) . This interaction is further modulated by ratiodependent conditional cooperativity, which is critical to both transcriptional repression (when [VapC] [VapB]) and activation (when [VapC] [VapB]) of the locus (Winther and Gerdes, 2012) . In addition, crystal structures have shown conservation of antitoxin C-terminal motifs that depend on the interaction of arginine residues with the catalytic groove to inhibit toxin activity (Min et al., 2012; Bendtsen et al., 2016) .
VapBC represents the most abundant TA loci family in extreme thermoacidophiles, suggesting a critical role in their physiology. For example, Sulfolobus tokodaii and Sulfolobus solfataricus have 25 and 22 VapBC TA loci, respectively (Shah, 2013) . Several VapBC pairs in S. solfataricus were differentially transcribed under heat shock (Cooper et al., 2009) . In vitro assays with a heat shockresponsive toxin, VapC6 from S. solfataricus, targeted mRNA transcripts encoding the antitoxin vapB6, as well as a tetR transcriptional regulator, and dppB-1, an oligo/ dipeptide transport permease (Maezato et al., 2011) . When the gene encoding VapC6 was deleted from the S. solfataricus genome, the archaeon was heat shock labile, suggesting a key role in thermal stress response.
Previous work with the archaea Metallosphaera sedula and Metallosphaera prunae implicated VapBC loci in stress response to hexavalent uranium. When challenged with uranium exposure, two distinct phenotypes were observed. M. sedula experienced lowered fitness and substantial increases in lag phase growth following a decrease in uranium levels, while M. prunae appeared to enter a dormant state, quickly reversed when soluble uranium levels decreased (Mukherjee et al., 2012) . This dormant state appeared to be mediated by near complete degradation of total RNA collected briefly (15 min) after exposure to hexavalent uranium, implicating endoand/or exo-acting ribonucleases in the cytoplasm. Transcriptomic analysis indicated that, at the 60 min time point post-shock, two vapC genes (Msed_0899 and Msed_1307) were up-regulated in M. prunae (Mukherjee et al., 2012) . Since VapC toxins are endoribonucleases that could degrade single-stranded regions in ribosomal RNA subunits (Winther et al., 2013) , a potential role of these, and possibly other toxins, in the M. prunae genome was suspected.
The genomes for M. sedula and M. prunae, belonging to a genus within the Sulfolobales, are nearly identical ( 200 nt different) and encode the same twelve VapBC pairs and two solitary PIN domain proteins (with no apparent cognate VapB antitoxin) (Mukherjee et al., 2012) . This raised questions as to whether VapC toxins were responsible for cellular RNA degradation in M. prunae and, if so, suggested a potential role in alleviating uranium toxicity. In a broader sense, the widespread occurrence of TA loci in prokaryotic genomes implies that many yet to be discovered roles may exist for these proteins with mechanisms leading to rapid translational arrest and recovery, improving species survival and adaptability. Here, an assessment of the VapC inventory in the M. prunae/M. sedula genome was pursued, centred on the hypothesis that TA systems play a specific, adaptive role in uranium resistance in this archaeon.
Results

Characterization of recombinant M. prunae VapC toxins/ PIN-domain proteins
Recombinant versions of eleven VapC toxins and two PIN domain proteins in M. prunae were produced recombinantly in E. coli. These are identical to the VapCs encoded in the M. sedula genome, the genome sequence of which is nearly identical to the M. prunae version (Mukherjee et al., 2012) . As such, the vapCs are referenced here to the corresponding M. sedula ORFs, since the M. prunae genome sequence is not yet available. Note that all but one toxin (VapC1, Msed_0338) of the twelve identifiable VapCs in M. sedula/M. prunae could be produced recombinantly in E. coli in soluble, active form. The fact that E. coli grows at a substantially lower temperature than the Metallosphaera species (378C vs. 708C) no doubt minimized toxin activity to the extent that the host was not impacted by the heterologous expression of the ribonucleases. Initial screening of in vitro ribonuclease activity using a fluorescentlytagged, generic RNA substrate, revealed the activity of the VapC/PIN domain proteins varied over a wide range (Supporting Information Fig. S1 ). The highest activity was found for VapC7 (Msed_1214), while the lowest activity was found for PIN2 (Msed_0739).
In vitro assays were performed to determine which, if any, VapCs were capable of degrading M. prunae and M. sedula total RNA. As mentioned above, M. prunae, and not M. sedula, exhibited substantial cellular RNA degradation on 'U(VI) shock' (Mukherjee et al., 2012) . After screening eleven VapCs and two PIN domain proteins, degradation of both M. prunae and M. sedula total RNA was observed to similar extents for only three toxins: VapC4 (Msed_0899), VapC7 (Msed_1214), VapC8 (Msed_1245) (Fig. 1) . The hierarchy of activity on total RNA correlated to activity against the generic RNA substrate (VapC7 > VapC8 > VapC4), despite variations in loading and reaction times (Supporting Information Fig. S2 and Table S1 ). Furthermore, RNase activity of these VapCs (against the generic RNA substrate and Metallosphaera total RNA) was inhibited by addition of the cognate VapB (Fig. 1 , Supporting Information Fig. S2 and Table S1 ). Interestingly, the RNase activity of VapC8 against the generic RNA substrate was completely quenched by the non-cognate VapB4, suggesting that cross-regulation among non-cognate VapBC pairs is a possibility in vivo (Supporting Information Table S1 ). In any case, the RNase activity associated with these VapCs was not attributed to residual ribonuclease contamination from the expression host, E. coli.
Two of the VapCs, VapC3 (Msed_0864) and VapC5 (Msed_0908), although highly active on the generic RNA substrate, did not degrade total Metallosphaera RNA (which is mostly rRNA) at the dilutions tested. This suggests M. prunae and M. sedula 23S and 16S rRNA does not contain VapC3/VapC5 cleavage sites or that the extensive secondary structure of the rRNA (stem loops and double stranded regions) impedes degradation. For the remaining VapCs, total RNA degradation was either not observed at all, or observed only at very high toxin: RNA ratios (1:1, 2:1) that are not likely to be physiologically relevant.
Cleavage sequence analysis of total RNA-degrading VapCs
The sequence-specificities of the three VapCs that degraded total Metallosphaera RNA (and, as a consequence, rRNA) were determined by primer extension analysis, using MS2 bacteriophage RNA as substrate (see Fig. 2 ). Alignment of the cleavage sites was used to determine consensus motifs (Table 1 ). VapC4 uniquely targeted Table 1 , with many of the identified consensus motifs occurring in predicted single-stranded regions of the 16S RNA (Supporting Information Fig. S3 ).
Given that the above identified cleavage sites are likely also to occur in single-stranded regions of mRNA, bioinformatic analysis of primary sequence was performed for all of the genes annotated in the M. sedula/M. prunae genomes. The number of cleavage recognition sites within a transcript and its susceptibility to degradation have been correlated in previous studies (Rothenbacher et al., 2012) . Thus, the presence and frequency of these consensus motifs, within a transcript, relates to the likelihood of a specific transcript being a VapC target in M. sedula/M. prunae (Supporting Information Table S2 ). Distribution analysis of the number of mRNA targets, based on the total of all seven consensus motifs, shown in Fig. 3 , revealed that most genes encoded in the M. prunae/M. sedula genomes contain at least one consensus motif, although cleavage motifs for certain ORFs were very highly represented.
Toxin-specific cleavage site analysis
Next, the possible role of individual toxins in regulating key cellular processes through mRNA targeting was examined. In this case, the number of cleavage motifs normalized to the transcript length was calculated for each gene with each consensus sequence (Supporting Information Table  S2 ). For each toxin, a profile was determined based on the Table 1 . Sequence-specificity of Metallosphaera rRNA degrading VapCs. Consensus motifs were determined by aligning cleavage sites identified from primer extension using MS2 bacteriophage RNA. Sequences 5' fi 3'.
Toxin Alignment
Fig. 3. Distribution analysis of mRNA targets. All seven consensus motifs identified by primer extension analyses (Table 1) were utilized to search over the M. prunae/M. sedula genomes to determine the distribution of genes as a function of consensus motif frequency. See Supporting Information Table S6 for the complete list of genes and occurrence of consensus motifs. VapC (4, 7, and 8) , the number of putative cleavage sites per transcript length (bp) and the resulting z-score were calculated for each gene from the transcriptome. All genes are arranged in their respective COG groups in order of their gene_ID. Specific regions (J and K for VapC4 and 7 and D, K, and S for VapC8) are surrounded by a box. These regions were predicted to be probabilistically-likely targets based on a hypergeometic distribution (see Table 2 z-score (value > 2) from each of the three data sets. Although this analysis should identify the top 2.3% of target sequences within the genome (for a normal distribution), all of the sets are overrepresented by roughly 1.3-1.6%. This result was expected, given the working hypothesis that VapCs have evolved to target particular sequences of RNA. Thus, targeted transcripts should have an abundance of a particular sequence that appears much less frequently in non-targets. In fact, the large number of genes with z-scores higher than 3 (i.e., 35, 24 and 28 for VapC4, VapC7 and VapC8 respectively), supports the significance of the consensus sequences. This result is supported by the distribution shown in Fig. 3 , where the comparison of cleavage sites per gene length to frequency shows a definite right skew. Interestingly, the examination of clustered orthologous groups (COGs) showed that each of the toxins primarily targets particular cellular functions (Fig. 4A ). To examine this further, a hypergeometric distribution was utilized to calculate the probability of a group of genes belonging to a single COG appearing within a target list, assuming random sampling of genes from each of the COGs present in the genome (Table 2 ). This analysis suggests that VapC4 and VapC7 primarily target (P < 0.01) transcripts associated with translation (J) and transcription (K), while VapC8 targets a small, but significant, fraction of cell cycle/division (D) transcripts, as well as some related to transcription (K). For VapC4, there are ten 30S ribosome subunit targets and nine 50S subunit targets. Additionally, nine putative transcriptional regulators and an RNA polymerase subunit appear as top targets. This result suggests that VapC4 can effectively disrupt translation as well as regulate future transcription events via the targeting of numerous regulator proteins. Similarly, VapC7 appears to target numerous ribosomal subunits from the 30S and 50S complexes (six and nine respectively), while also targeting 12 transcriptional regulators. In contrast, the VapC8 top targets include only four ribosomal subunits, but also seven proteins associated with cellular division, all containing ParA-like domains, which are associated with chromosomal partitioning. In addition, two RNA polymerase subunits appear in VapC8's top target list, as well as six transcriptional regulators.
It was interesting to note that some of the hypothetical proteins identified as targets, as well as a few transcriptional regulators, belong to the list of antitoxin proteins identified in the genome of the two organisms. Furthermore, an examination of the VapBC loci in the two organisms suggests that VapBs may be a preferred target of VapCs (Fig. 4B) . Further examination also suggests that VapCs are not strongly targeted by other VapCs (with few exceptions). Examining potential self-targeting of the toxins, for each toxin, its transcript appears in the bottom (z-score < 0) of targets, while the antitoxin transcript is well above mean (z-score > 0) of its targets. Also, VapC4 and VapC7 appear to target antitoxin transcripts, while avoiding toxin transcripts. Overall, this implies that Vap loci are linked by a complex system of post-transcriptional regulation; this ultimately leads to a dormancy response in the case of M. prunae exposed to soluble uranium.
In vitro transcript cleavage
To confirm target mRNA predictions, a target and nontarget pair with comparable nucleotide length were selected for further analysis (see Fig. 5A ). Msed_1804 (target) and Msed_1538 (non-target) were subjected to VapC4 (Msed_0899) degradation. The treatment resulted in Msed_1804 being significantly degraded while Msed_1538 remained intact (Fig. 5A) . The molar ratio of VapC:mRNA was found to be an important variable, which may reflect in vivo conditions. In support of frequency/availability of cleavage sites being correlated to sensitivity, VapC4 degraded Msed_1804 (25 cleavage sites), while negligible degradation of Msed_0355 (3 cleavage sites) was observed (Fig. 5B) . Many of the identified consensus motifs occurred in predicted single stranded regions of Msed_1804 (Supporting Information Fig. S4 ), Msed_1802 (Supporting Information Fig. S5 ) and Msed_0355 (Supporting Information Fig. S6 ).
Discussion
Previously, 'U(VI) shock' experiments performed with M. prunae showed substantial degradation of cellular RNA within 15 min; cellular RNA was restored by 60 min as the uranium concentration in the media dropped due to complexation of U(VI) with growth medium components (Mukherjee et al., 2012) . This was not the case for M. sedula. The reason for the complete degradation of cellular rRNA in M. prunae may correlate with certain mutations in its genome that were not found in M. sedula. The M. prunae genome, which is nearly identical to M. sedula's (Mukherjee et al., 2012) , has single point mutations in Msed_1722 (ribonucleoprotein complex aNOP56) and 23S rRNA. The mutations and heightened cellular ribonuclease activity could make M. prunae rRNA more vulnerable to attack by VapC toxins compared to M. sedula (Mukherjee et al., 2012) . However, as shown in Fig. 1 , overall in vitro degradation patterns for rRNA from the two 'species' were comparable. To examine the functionality and cellular targets of VapC toxins and PIN domain proteins in the M. prunae/M. sedula genomes (no mutations were found in the genes encoding for toxins and antitoxins in M. prunae), these proteins were examined with respect to ribonuclease activity and specificity. The ribonuclease activity, on a generic substrate, varied widely across the VapC and PIN domain proteins. Three of the VapC toxins (VapC4, VapC7, VapC8) were found to degrade M. prunae/M. sedula total RNA and their identified consensus cleavage motifs mapped to specific regions of 16S and 23S rRNA (Table 1) . Furthermore, these consensus motifs were prevalent throughout the genome, suggesting that they could degrade mRNA targets. This is consistent with reports that certain type-II toxins (MazF) target both rRNA and mRNA. For example, MazF-mt6 from Mycobacterium tuberculosis not only cleaves mRNA, but also 23S rRNA at the ribosomal A site (UU#CCU) (Schifano et al., 2013) . E. coli MazF cleaves single-stranded mRNAs at ACA sequences and also targets 16S rRNA (Vesper et al., 2011) . Other work has shown that VapCs can degrade mRNA (McKenzie et al., 2012; Sharp et al., 2012) . The observation that VapC4 targets both rRNA and mRNA in vitro indicates that certain VapC toxins, like MazF toxins, exhibit dual RNA substrate activity (Vesper et al., 2011; Schifano et al., 2013) .
Interestingly, the putative target transcripts in M. prunae/ M. sedula of the total RNA-degrading VapCs were primarily related to transcription, translation, and cell cycle/ division. This indicates that under certain stressors (e.g., hexavalent uranium) many key cellular processes could be modulated or stalled following VapC activation. Furthermore, the type of disruption identified by the top targets of each toxin suggests a toxin-specific route to a dormant state. Specifically, VapC4 and VapC7 appear to induce cellular arrest through the cessation of translation and transcription. In contrast, VapC8 appears to stall cellular division processes. Overall, all three toxins target total cellular RNA (mRNA, tRNA and rRNA), suggesting multiple contributing routes to dormancy.
It seems that activation of a single TA locus is insufficient to trigger and orchestrate the complex process of stress response. The targeting of VapB transcripts by VapC toxins (see Fig. 4B ) may initiate a complex cascade of toxin activation events, thereby driving specific stress response mechanisms -in the case of M. prunae, cellular dormancy. Why a similar reaction to U(VI) challenge is not observed for the very closely related M. sedula is not clear, but determining the bases for these different responses could help elucidate how stress triggers toxin activation.
Whether TA loci play a significant survival role in environmental biotopes remains to be seen. However, early hypotheses proposed this possibility (Pandey and Gerdes, 2005) . While VapBC TA loci are abundant in genomes of the extremely thermoacidophilic archaea, to date they had only been implicated in heat shock (Maezato et al., 2011) . The possibility that these loci may also play a role in other kinds of stress survival for these archaea seems likely, given the results presented here.
Experimental procedures
Bacterial strains and culture conditions Escherichia coli NovaBlue GigaSingles TM (EMD Millipore) competent cells were used as the cloning host and E. coli Rosetta TM 2(DE3) Singles TM (EMD Millipore) were used as the expression host. The E. coli strains were cultivated in Luria-Bertani (LB) media (10 g/l casein peptone, 5 g/l yeast extract, 10 g/l sodium chloride) in the presence of either kanamycin (50 mg/ml) or ampicillin/carbenicillin (50 mg/ml) for pRSF and pET46 Ek/LIC cloning vectors (Novagen, Madison, WI) respectively. Additionally, chloramphenicol (34 mg/ml) was added to cultures of E. coli Rosetta (DE3). The cultures were grown in 5 ml Falcon tubes or 1 L Erlenmeyer flasks at 378C and agitated at 250 rpm.
Cloning, expression and purification of VapCs, PIN domain proteins and VapBs
VapC and PIN domain encoding genes were cloned into pRSF or pET46 Ek/LIC vector using the pET-46 Ek/LIC Vector Kit (Novagen). VapB genes were cloned into the pET46 Ek/ LIC vector using one-step isothermal assembly of overlapping dsDNA, as described previously (Gibson, 2011) . In either case, a stop codon was included to prevent inclusion of a Cterminal vector-encoded S-Tag in the final protein product. Oligonucleotides used for cloning of VapC/PIN domain and VapB genes are presented in Supporting Information Tables S7 and  S8 . Genomic DNA was isolated from Metallosphaera species by methods described previously (Geslin et al., 2003) , and PCR products were generated by following established molecular biology techniques (Sambrook et al., 1989) . Assembled vectors were transformed into E. coli NovaBlue GigaSingles TM (EMD Millipore) competent cells by heat shock. Recovered cells were cultured overnight on LB plates with 1.5% (w/w) agar supplemented with either ampicillin/carbenicillin or kanamycin. Single colonies were picked from the plates and used as inoculum for 5 ml LB broth, also supplemented with appropriate antibiotics, which were grown overnight for plasmid extraction. Plasmid miniprep was done using QIAprep Spin Miniprep Kit (Qiagen) and the presence/sequence of the insert was confirmed by sequencing [Eton Bioscience (Durham, NC, USA) or Genewiz (Research Triangle Park, NC, USA)]. Plasmids were transformed into E. coli Rosetta TM 2(DE3) Singles TM (EMD Millipore) by heat shock and plated on LBagar plates supplemented with kanamycin or ampicillin/carbenicillin and chloramphenicol. Single colonies were picked from the plates and grown overnight in LB broth to serve as inoculum for large-scale (1 l) protein expression. Expression cultures were started with a 1% (v/v) inoculum and were induced by addition of isopropyl b-D-1-thiogalactopyranoside (ITPG) (1 mM) at an OD 600 of 0.7-0.8. The induction was allowed to continue for 4 h and cultures were harvested by centrifugation.
Buffers and water used for protein purification were treated with diethylpyrocarbonate (DEPC) to remove ribonucleases. The cell pellets were re-suspended in 30 ml of Buffer A for IMAC affinity chromatography (50 mM sodium phosphate, 300 mM sodium chloride, 10 mM imidazole at pH 7.4). The cells were lysed using a French Pressure Cell (SLM-AMINCO) at a pressure of 16 000 psi. Cell lysate was incubated at 658C for 20 min as a purification step to precipitate background E. coli proteins. Cell debris was removed by centrifugation at 25 000 3 g for 25 min. The supernatant was collected and sterile filtered. Protein purification was performed on a Biologic LP system using a HisTrap HP 5 ml column (GE). Equilibration and protein binding steps were performed with Buffer A (mentioned above) and the protein of interest was eluted off the column by applying a linear gradient (0-100%) of Buffer B (50 mM sodium phosphate, 300 mM sodium chloride, 500 mM imidazole at pH 7.4). The FPLC fractions were checked for presence of protein by loading samples on a 4-12% SDS-PAGE gel (Invitrogen) and appropriate fractions were pooled together. The protein samples were concentrated using 3500 MWCO filters (Amicon) and dialysed into RNase activity buffer (10 mM MgCl 2 , 150 mM NaCl, 50 mM Tris-HCl at pH 6.0).
Two VapC toxins (Msed_0411 and Msed_0338) and 1 PINdomain containing protein (Msed_0302) were found to form inclusion bodies. These proteins were solubilized from the cell pellet using 50 mM CAPS, pH 11.0 and 0.3% (v/v) Nlauroylsarcosine and re-folded using 4 dialysis steps in 20 mM Tris-HCl pH 8.0 (Protein Re-folding Kit, Novagen). Protein purification was performed using HisTrap HP 5 ml column (GE). To avoid issues of protein precipitation, equilibration was done using 20 mM Tris-HCl, 10 mM imidazole at pH 8.0 and eluted with 20 mM Tris-HCl, 500 mM imidazole at pH 8.0.
Ribonuclease assay with fluorescently tagged RNA substrate
Initial screening of VapC toxins and PIN domain proteins for their respective RNase activities was done using a fluorescently-tagged substrate (IDT DNA RNase Alert substrate). Protein concentration was determined using ThermoScientific BCA Protein assay kit (BCA -bicinchoninic acid). Three different dilutions were used for each sample and three technical replicates were done for each dilution for protein quantification. The reactions were performed in 0.2 ml PCR tubes by mixing 10 ml 10X RNase Alert Buffer (IDT DNA), 10 ml 100 mM MgCl 2 , 1 mg of purified protein and balance RNase free water (up to 90 ml). The amount of protein was modified, depending on the fluorescence readings, with lower quantities (0.1, 0.01 and 0.001 mg) used for more active toxins. This mix was incubated at 708C for 5 min to activate the toxins, following which 10 ml (20 pmoles) of RNA substrate was added. The reactions were done in triplicate for each sample and added to an opaque 96 well plate (pre-heated to 508C) for fluorescence measurements. The fluorescence measurements were done at 508C with a BioTek plate reader with excitation and emission wavelength of 490 nm and 520 nm respectively; readings were taken at 1 min intervals for 60 min. A 'no protein added' control was included in the initial screening for all VapCs and PIN domain proteins. For rRNA degrading VapCs (Msed_0899-VapC4, Msed_1214-VapC7 and Msed_1245-VapC8), additional controls were added including 25 mM EDTA and cognate VapB, with the VapC:VapB mass ratio set at 1:2. RNase activity was calculated by measuring the slope of the linear region of the curve (between 15 and 30 min following initiation of the reaction), for three replicates and normalizing for protein concentration. The no protein added control fluorescence was subtracted prior to determination of initial reaction velocity.
Total RNA degradation assays
Total RNA, mostly composed of rRNA, was isolated from exponentially growing cells of M. sedula and M. prunae using a Trizol extraction method, as described previously . The VapC toxins and PIN domain proteins were initially screened to select candidates responsible for rRNA degradation. Reaction conditions for rRNA-degrading VapCs (Msed_0899-VapC4, Msed_1214-VapC7 and Msed_1245-VapC8) were optimized and controls, including no protein added, 25 mM EDTA and cognate VapB were included. The VapC:VapB mass ratio was set at 1:2. Activity assays were performed by treating 2 mg of total RNA from each species with a VapC:RNA mass ratio of 1:20, for VapC4 and 1:50 for VapC7 and VapC8. The VapCs were activated by pre-heating in reaction buffer (50 mM Trish-HCl, 150 mM NaCl, 250 mM KCl, 10 mM MgCl 2 , pH 6.0) at 708C for 5 min, following which RNA was added to the mix. The reactions were allowed to proceed at 658C for 30 min (VapC7) or 45 min (VapC4 and VapC8). The reaction was stopped by addition of formaldehyde loading buffer and incubation at 658C for 15 min. For VapC4, higher protein loadings required the reactions be processed via ethanol precipitation. The VapC4 reaction was stopped by adding an equal volume of Trizol Reagent (Life Technologies), followed by 50 ml of chloroform (Fisher Scientific). The aqueous layer was separated from the organic layer by centrifugation at 12 000 3 g for 15 min. Sodium acetate (final concentration 0.3 M) was added to the aqueous layer and RNA was precipitated by adding ice cold 100% ethanol (Sigma Aldrich). The RNA was pelleted by centrifuged at 14 000 3 g for 5 min. The RNA pellet was washed with 70% ethanol and pelleted by centrifugation at 14 000 3 g for 5 min. The RNA was re-suspended in 15-20 ml of RNase-free water. RNA (1 mg) was run on a 1% agarose gel under denaturing conditions and visualized by post-staining with GelRed TM (Biotium).
Primer extension analyses for rRNA-degrading VapCs MS2 bacteriophage RNA (Roche) was used as the template for primer extension analysis after cleavage by VapC toxins. This analysis was performed for the three VapCs capable of degrading Metallosphaera species rRNA (Msed_0899-VapC4, Msed_1214-VapC7 and Msed_1245-VapC8). MS2 RNA (0.8 mg) was treated with different concentrations of each VapC (0.08 mg, 0.16 mg, 0.4 mg, 0.8 mg) to determine an appropriate VapC:RNA ratio in the reaction. The VapC was preheated in reaction buffer (50 mM Trish-HCl, 150 mM NaCl, 250 mM KCl, 10 mM MgCl 2 , pH 6.0) at 708C for 2 min, after which MS2 RNA and 0.5 ml of RNase Inhibitor (Roche, Indianapolis, IN, USA) were added. The reaction was allowed to proceed for 5 min. The reaction was stopped by the addition of an equal volume Trizol Reagent (Life Technologies) and purified, as described above, for VapC4 treatment of total RNA. RNA (1 mg) was separated on a 1% agarose gel under denaturing conditions and visualized by post-staining with GelRed TM (Biotium).
Primers used in this study (See Supporting Information Table S9 ), adapted from previous literature reports (Zhu et al., 2008) , were synthesized with a 5'-labeled cy5 dye. Primer extension analyses were performed with 300 ng MS2 cleaved RNA, 1 pmol of primer, 2 mM dNTP mix (Donegan et al., 2010) (Roche), and 2 U of Avian Myeloblastosis Virus (AMV) reverse transcriptase (NEB Ipswich MA) in AMV reaction buffer. Sequencing ladders were generated with 800 ng of MS2 RNA, 6 pmol of primer, 2 U of AMV RT, 4 mM dNTP mix and 2 mM ddNTPs (Roche). Reverse transcription was allowed to proceed at 478C for 1 h for the cleaved RNA and for 30 min for the sequencing ladders. The reactions were stopped by adding stop solution (95% formamide, 20 mM EDTA and 0.05% bromophenol blue), and denatured at 958C for 5 min, before loading on a 6% polyacrylamide gel (Acrylamide mix, 8 M Urea and 1X TBE). The gel was run at 80 W for 1 h in OWL-S3S Aluminum-backed sequencer (ThermoScientific, Waltham, MA) and the image was obtained using STORM scanner.
Messenger RNA (mRNA) degradation assays Primers, including the T7 promoter, (Supporting Information  Table S10 ) were used to amplify Msed_0355, Msed_1538, Msed_1802 and Msed_1804 from M. sedula genomic DNA using PhusionV R High-Fidelity DNA polymerase (New England Biolabs), following the manufacturer's instructions. PCR products were purified using a QIAquick PCR Purification Kit (Qiagen) and examined on an agarose gel to confirm amplicon sizes. RNA was transcribed using the HiScribe TM T7 High Yield RNA Synthesis Kit (New England Biolabs) according to the manufacturer's instructions. Transcribed RNA was purified by sodium acetate and ethanol precipitation and re-suspended in nuclease-free water. RNA concentrations were quantified using an Agilent Bioanalyzer 2100 (Genomic Sciences Lab, NCSU). Purified RNA (3.2 mg) was treated at the indicated VapC:RNA molar ratio. The reactions (10 ll total volume) were performed in 0.2 ml PCR tubes. The VapC was preheated in reaction buffer (50 mM Trish-HCl, 150 mM NaCl, 250 mM KCl, 10 mM MgCl 2 , pH 6.0) at 708C for 2 min, after which the RNA (3.2 mg) and 0.5 ml of RNase Inhibitor (Roche) were added. The reaction was allowed to proceed at 658C for 15 min. The reaction was stopped by addition of TBE Urea Sample Buffer (Invitrogen) and heat treatment at 658C for 15 min. Controls includedVapC as well as VapC with 25 mM EDTA added. RNA (1 lg) was run on a denaturing polyacrylamide gel (NovexV R TBEUrea 10%, Invitrogen) following the manufacturer's instructions and was visualized by post-staining with GelRed TM (Biotium).
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